
(12) United States Patent 

US007578189B1 

US 7,578,189 B1 
Aug. 25, 2009 

(10) Patent N0.: 
(45) Date of Patent: Mehregany 

(54) THREE-AXISACCELEROMETERS 

(75) Inventor: Mehran Mehre an , Pe er Pike, OH g y PP 
(Us) 

(73) Assignee: Qualtre, Inc., Atlanta, GA (US) 

( * ) Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 328 days. 

(21) Appl.No.: 11/431,168 

(22) Filed: May 10, 2006 

(51) Int. Cl. 
G01P 15/13 (2006.01) 
G01P 15/125 (2006.01) 

(52) US. Cl. ............................... .. 73/514.18; 73/514.32 

(58) Field of Classi?cation Search ............ .. 73/514.18, 
73/514.32 

See application ?le for complete search history. 

(56) References Cited 

U.S. PATENT DOCUMENTS 

4,967,605 A 11/1990 Okada 
5,406,848 A 4/1995 Okada 
5,485,749 A l/l996 Nohara ct a1. 
5,567,880 A 10/1996 Yokota et a1. 
5,877,421 A * 3/1999 Biebl et al. ............ .. 73/5l4.l7 

6,167,757 B1 * l/200l YaZdi et al. ............ .. 73/5l4.32 

6,683,358 B1 l/2004 Ishida et al. 
6,716,253 B2 4/2004 Okada 

2005/0160814 A1 7/2005 Vaganov et al. 

OTHER PUBLICATIONS 

Jono, et. al., “Electrostatic servo system for multi-axis accelerom 
eters,” IEEE, 1994. 
Mineta, et. al., “Three-axis capacitive accelerometer With uniform 
axial sensitivities,” J. Micromech. Microeng, vol. 6, (1996) pp. 431 
435. 

Puers, et. al., “Design and processing experiments of a new minia 
turized capacitive triaxial accelerometer,” Sensors and Actuators, A 
68 (1998), pp. 324-328. 

Watanabe, et. al., “Five-axis motion sensor With electrostatic drive 
and capacitive detection fabricated by silicon bulk micromachining,” 
Sensors and Actuators, A 97-98 (2002). 

* cited by examiner 

Primary Examinerilohn E Chapman 
(74) Attorney, Agent, or FirmiWolf, Green?eld & Sacks, 
PC. 

(57) ABSTRACT 

Disclosed are MEMS accelerometers and methods for fabri 
cating same. An exemplary accelerometer comprises a sub 
strate, and a proof mass that is a portion of the substrate and 
Which is separated from the substrate surrounding it by a gap. 
An electrically-conductive anchor is coupled to the proof 
mass, and a plurality of electrically-conductive suspension 
arms that are separated from the proof mass extend from the 
anchor and are coupled to the substrate surrounding the proof 
mass. A plurality of sense and actuation electrodes are sepa 
rated from the proof mass by gaps and are coupled to pro 
cessing electronics. Capacitive sensing is used to derive elec 
trical signals caused by forces exerted on the proof mass, and 
the electrical signals are processed by the processing elec 
tronics to produce x-, y- and Z-direction acceleration data. 
Electrostatic actuation is used to induce movements of the 
mass for force balance operation, or self-test and self-calibra 
tion. The fabrication methods use deep reactive ion etch bulk 
micromachining and surface micromachining to form the 
proof mass, suspension arms and electrodes. The anchor, 
suspension arms and electrodes are made in the same process 
steps from the same electrically conductive material, Which is 
different from the substrate material. 

23 Claims, 4 Drawing Sheets 
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THREE-AXIS ACCELEROMETERS 

BACKGROUND 

The present invention relates generally to three-axis micro 
electromechanical systems (MEMS) accelerometers and fab 
rication methods relating thereto. 

Three-axis accelerometers have heretofore been developed 
for use With motion control instrumentation, laptop comput 
ers, gaming consoles and cellular telephones, for example. 
Generally, such three-axis accelerometers operate based 
upon either pieZoresistive or capacitive acceleration sensing. 
Capacitive three-axis accelerometers relate to the present 
invention and a variety of them are disclosed in various pat 
ents and publications. 
A number of three-axis accelerometers have been patented 

by KaZuhiro Okada that use pieZoresistive or capacitive 
acceleration sensing. US. Pat. No. 4,967,605 discloses a 
force detector that detects force using resistance elements. 
The force detector uses “resistance elements having the pieZo 
resistance effect” that “are formed on a single crystal sub 
strate to connect a strain generative body having a supporting 
portion and a Working portion thereto to alloW the resistance 
elements to produce a mechanical deformation on the basis of 
a displacement With respect to the supporting portion of the 
Working portion, thus to electrically detect a force acting on 
the Working portion.” It is stated in US. Pat. No. 4,967,605 
that “When a force is applied to the Working portion of the 
force detector according to this invention, there occurs a 
change in the electric resistance based on mechanical defor 
mation by pieZo resistance effect, thus making it possible to 
electrically detect the force applied.” While the force detector 
disclosed in US. Pat. No. 4,967,605 (and those disclosed by 
others in US. Pat. Nos. 5,485,749 and 6,683,358 B1 and US 
Patent Application No. US2005/0l608l4 Al) have a struc 
ture that is someWhat similar to the accelerometer disclosed 
herein, it is actually dissimilar, since the structure is con?g 
ured to employ pieZoresistive-elements and is made of a 
number of bonded substrates. 
US. Pat. Nos. 5,406,848 and 6,716,253 issued to Okada, 

and US. Pat. No. 5,567,880 issued to Yokota, et. al., a paper 
entitled “Electrostatic servo system for multi-axis accelerom 
eters” by Jono, et. al., a paper entitled “Three-axis capacitive 
accelerometer With uniform axial sensitivities” by Mineta, et. 
al., a paper entitled “Design and processing experiments of a 
neW miniaturized capacitive triaxial accelerometer” by Puers, 
et. al. and a paper entitled “Five-axis motion sensor With 
electrostatic drive and capacitive detection fabricated by sili 
con bulk micromachining” by Watanabe, et. al., for example, 
disclose three-axis acceleration detectors using capacitive 
sensing. These detectors have multiple separated substrates 
With electrodes disposed on them that are used to capacitively 
sense acceleration. 

High volume three-axis accelerometer applications, in par 
ticular consumer applications, are extremely performance, 
cost and siZe sensitive. For a given set of performance require 
ments, cost must be reduced through minimiZing chip (die) 
area, simplifying the fabrication process and using standard 
integrated circuit processes. Minimizing chip area also mini 
miZes the lateral dimensions (i.e., Width and length) of the 
accelerometer chip. HoWever, there are also increasing 
requirements for minimiZing the thickness of the chip, for 
example for use in very slim cell phones. 

The prior art suffers from shortcomings that compromise 
reduction of cost and siZe (chip thickness and area) While 
meeting performance requirements. The prior art embodi 
ments arrange the accelerometer proof mass, the suspension 
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2 
beams and the sense elements in such a Way that one or more 
of the folloWing is compromised: chip siZe reduction optimi 
Zation, proof mass increase optimiZation, suspension beam 
compliance optimiZation and/or fabrication process simpli? 
cation. For example, all of the design embodiments are based 
on substrate bonding techniques Which increase the fabrica 
tion cost and chip thickness, if not also the chip area. In many 
of the design embodiments, the top of the proof mass and the 
suspension beams are arranged in the same plane, forcing 
compromises in increasing the proof mass, suspension beam 
compliance and/or chip siZe. In some cases Where the suspen 
sion beams are place in a plane above or beloW the top or 
bottom plane of the proof mass to reduce chip area, the 
fabrication process is complicated and chip thickness is 
increased because of substrate bonding needs of the design 
embodiment. 

It is also knoWn to those skilled in the art that substrate 
bonding introduces feature alignment and structural thick 
ness inaccuracies that are larger than those in techniques 
Where all feature alignment is carried out on the same sub 
strate and structural ?lm thicknesses are determined by ?lm 
deposition. As a result, substrate bonding fabrication tech 
niques often lead to device performance variations that are 
larger than those resulting from single-substrate substrate 
fabrication processes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the present inven 
tion may be more readily understood With reference to the 
folloWing detailed description taken in conjunction With the 
accompanying drawings, Wherein like reference numerals 
designate like structural elements, and in Which: 

FIG. 1 is a top vieW of an exemplary three-axis MEMS 
accelerometer; 

FIG. 1a is a top vieW of an alternative embodiment of the 
three-axis MEMS accelerometer; 

FIG. 2 is a cross-sectional vieW of the exemplary acceler 
ometer shoWn in FIG. 1 taken along the lines 2-2; 

FIG. 3 is a side vieW of the exemplary accelerometer shoWn 
in FIG. 1 taken along the lines 3-3; 

FIGS. 4a and 4b illustrate the operational principle for 
acceleration detection using the accelerometer; and 

FIGS. 5-14 illustrate steps of an exemplary process that 
may be used to fabricate the three-axis MEMS accelerometer 
shoWn in FIG. 1. 

DETAILED DESCRIPTION 

Disclosed herein is an exemplary three-axis microelectro 
mechanical systems (MEMS) accelerometer 10 and an exem 
plary method 20 for fabricating the accelerometer 10. Refer 
ring to the draWing ?gures, FIG. 1 is a top vieW of an 
exemplary three-axis MEMS accelerometer 10. FIG. 2 is a 
cross-sectional vieW of the exemplary accelerometer 10 taken 
along the lines 2-2, and FIG. 3 is a side vieW of the exemplary 
accelerometer 10 taken along the lines 3-3. 
As is illustrated in FIGS. 1-3, the exemplary three-axis 

MEMS accelerometer 10 comprises a substrate 11, Which 
may comprise single crystal silicon, for example. The single 
crystal silicon substrate 11 is preferably of very loW resistivity 
to facilitate electrical contact and interconnection. The sub 
strate 11 may be made from a double-sided polished, 400 pm 
thick silicon Wafer, for example. Use of common double 
sided polished silicon substrates, for example in contrast to 
silicon-on-insulator and bonded substrates, minimiZes sub 
strate costs. 
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A portion of the substrate 10 that comprises a proof mass 
13 is separated from an exterior support structure by a plu 
rality of thin etched cavities 12. An electrically-conductive 
anchor 14 is coupled to the top of the proof mass 13. A 
plurality of electrically-conductive transverse suspension 
arms 15 or beams 15 (that form ?exural springs) extend 
laterally from the anchor 14 beyond the lateral edges of the 
proof mass 13 to the exterior support structure Where they 
terminate at a plurality of electrodes 16 (bond pads 16). The 
plurality of electrically-conductive transverse suspension 
arms 15 and bond pads 16 may be made using surface micro 
machining techniques and are thus made of a structural layer 
that is different from that forming the proof mass 13. The 
proof mass 13 is preferably made using deep reactive ion 
etching (DRIE) of the substrate 11. 

The plurality of electrically-conductive transverse suspen 
sion arms 15 or beams 15 extend along x and y axes of the 
accelerometer 10, While the proof mass 13 extends from the 
anchor 14 along the Z axis of the accelerometer 10. The 
anchor 14, suspension arms 15 and bond pads 16 are fabri 
cated in the same steps from the same structural layer and 
comprise the same material, for example loW-resistivity poly 
silicon of the same n- or p-type as the substrate 11. Alterna 
tively, the anchor 14, suspension arms 15 and bond pads 16 
may comprise a metal, such as nickel, for example. 
A plurality of sense and actuation electrodes 17 are dis 

posed above the proof mass 13 and are separated therefrom by 
gaps, and extendbeyond the lateral edges of the proof mass 13 
to the exterior support structure Where they terminate at a 
plurality of electrodes 18 (bond pads 18). The sense and 
actuation electrodes 17 and bond pads 18 are fabricated in the 
same steps and from the same structural layer as the suspen 
sion arms 15, bond pads 16 and anchor 14, and therefore 
comprise the same material. The sense and actuation elec 
trodes 17 operate using the principle of capacitive sensing and 
electrostatic actuation. 

Each of the sense and actuation electrodes 17 and suspen 
sion arms 15 are coupled by Way of the bond pads 18, 16 to 
processing circuitry 19. The processing circuitry 19 is con 
?gured to process electrical signals that are sensed by elec 
trodes 17 in response to movement of the proof mass 13. 
Processing of the signals derived from electrodes 17 alloWs 
determination of the acceleration components along the 
respective x, y and Z axes of the accelerometer 10. Processing 
of electrical signals on electrodes 17 to actuate a movement of 
the proof mass 13 in the x, y and Z is used for force balance 
operation or for self-test and self-calibration functions. This 
processing is Well knoWn to those skilled in the accelerometer 
art. It is also knoWn to those skilled in the art that this sensing 
and actuation can be functionally and temporally superim 
posed using the same electrodes 17. 

FIGS. 4a and 4b illustrate the operational principle for 
acceleration detection using the accelerometer 10. With 
regard to the accelerometer 10 shoWn in FIGS. 4a and 4b, the 
gaps betWeen the proof mass 13 and surrounding substrate 11 
are exaggerated as Well as the distances betWeen the sense 
electrodes 17 and the proof mass 13, the movement of the 
proof mass 13 and bending of the suspension arms 15. The x, 
y and Z axes are shoWn at the upper left side of FIGS. 4a and 
4b. 

FIG. 4a illustrates x-direction (ory-direction) acceleration. 
The proof mass 13 moves in the x-direction (or y-direction) 
causing the transverse suspension arms 15 or beams 15 to 
bend. The respective distances betWeen top surface of the 
proof mass 13 and the sense electrodes 17 change during 
acceleration Which is capacitively sensed by the sense elec 
trodes 17 to produce respective electrical signals. These elec 
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4 
trical signals are processed accordingly by the processing 
circuitry 19 to produce x-direction (and y-direction) accel 
eration data. Similarly, FIG. 4b illustrates Z-direction accel 
eration. In this case, the proof mass 13 moves closer to or 
aWay from the sense electrodes 17, Which produces electrical 
signals that are processed by the processing circuitry 19 to 
produce Z-direction acceleration data. With respect to force 
balance operation, or self-test and self-calibration, the dem 
onstrated movement of the proof-mass 13 in FIG. 4a, for 
example, is induced controllably by electrostatic actuation 
through applying controlled voltages on the appropriate elec 
trodes. This controllably induced movement is then sensed as 
described above, closing the control loop for force balance 
operation, or self-test and self-calibration. 

It should be clear to those skilled in the art that the x-y axes 
orientation may be rotated in the x-y plane for variations in 
orientations, geometries and locations of the suspension arms 
15, electrodes 17 and bond pads 16, 18. For example, a 45 
degree clockWise or counter clockWise rotation of the x-y 
axes in the x-y plane could have the suspension arms 15 
extending over the lateral diagonals of the proof mass 13 and 
the electrodes 17 extending from the substrate 11 over the 
lateral center lines of the proof mass 13, Wherein the elec 
trodes 17 have triangular geometries With bases at the sub 
strate 11 and apexes toWard the anchor 14. In some cases, the 
suspension beams 15 may be modi?ed, for example, to 
folded, perforated and slotted beams (and combinations 
thereof), to adjust the compliance of the suspension beams 
15, reduce the effect of squeeZe ?lm damping on the proof 
mass 13 movement speed and mitigate the effect of residual 
stresses from the suspension beams 15 structural layer mate 
rial. In some cases, electrodes 17 may be further partitioned, 
and their geometries and locations varied, for more ?exibility 
and functionality in sensing and actuation. Furthermore, per 
forations and/or slots may be incorporated in the electrodes 
17 to reduce the effect of squeeZe ?lm damping on the proof 
mass 13 movement speed and mitigate the effect of residual 
stresses from the electrodes 17 structural layer material. Such 
perforations and slots in the electrodes 17 may be optimiZed 
to minimiZe any resulting degradation in the mechanical stiff 
ness and electrical performance of electrodes 17. These con 
cepts and techniques are generally knoWn and their utility 
should be clear to those skilled in the art. 

Possible embodiment variations of the exemplary acceler 
ometer 10 should also be clear to those skilled in the art. For 
example, an inside-out version (i.e., in the x-y plane), illus 
trated in FIG. 1a, Would have the proof mass 13 symmetri 
cally surrounding the interior substrate 11. Electrically-con 
ductive anchors 14 Would be coupled to the top of the proof 
mass 13 . A plurality of electrically-conductive transverse sus 
pension arms 15 extend laterally from the anchors 14 beyond 
the lateral inside edges of the proof mass 13 to the interior 
support structure Where they terminate at bond pad 16. The 
sense and actuation electrodes 17 Would then be anchored to 
the interior substrate 11 and extend out onto the proof mass 13 
surrounding the substrate 11. Another variation may com 
prise a combination of the exemplary accelerometer 10 and 
the foregoing inside-out version, Wherein the proof mass 13 
as originally surrounded by the substrate 11 also surrounds an 
interiorportion of the substrate 11 as in the inside-out version. 
The suspension beams 15 Would be arranged and anchored as 
in the inside-out version in FIG. 1a, While the sense and 
actuation electrodes 17 Would be arranged and anchored as in 
the exemplary accelerometer 10 of FIG. 1. Bond pads 16, 18 
Would be located correspondingly. 

FIGS. 5-14 illustrate steps of an exemplary process 20 or 
method 20 that may be used to fabricate an exemplary three 



US 7,578,189 B1 
5 

axis MEMS accelerometer 10, such as is shown in FIG. 1. The 
exemplary fabrication process 20 or method 20 may be imple 
mented as follows. 

As is shoWn in FIG. 5, a nitride electrical isolation layer 21 
is deposited on both sides of a silicon substrate 11. The nitride 
isolation layer 21 may be on the order of 2500 Angstroms 
thick. As shoWn in FIG. 6, the nitride isolation layer 21 on the 
front surface of the substrate 11 is patterned using photoresist 
22 to de?ne areas in Which cavities 23 are formed that sub 
sequently alloW release of the proof mass 13. These shalloW 
cavities 23 are etched into the silicon substrate 11 using the 
nitride isolation layer 21 and photoresist 22 as a mask. The 
cavities 23 are on the order of 1 pm deep.Although not shoWn, 
cavities 23 may also be incorporated under the bond pads 18 
and electrical interconnects betWeen electrodes 17 and bond 
pads 18 to reduce the parasitic capacitances associated With 
the substrate 11 as further described beloW. The back side 
nitride isolation layer 21 is removed after the cavities 23 are 
etched into the silicon substrate 11, folloWed by the removal 
of the photoresist 22 as is shoWn in FIG. 7. 

As is shoWn in FIG. 8, the silicon substrate 11 is thermally 
oxidiZed to form a sacri?cial oxide layer 25 that ?lls the 
cavities 23 by local oxidation of silicon to form a generally 
planar top surface. A sacri?cial oxide layer 25 is also formed 
on the back side of the substrate 11 in the same step. The 
sacri?cial oxide layer 25 that is formed may be on the order of 
2 um thick. Although not shoWn, the sacri?cial oxide layer 25 
Would also ?ll those cavities 23 that may have been incorpo 
rated under the bond pads 18 and electrical interconnects 
betWeen electrodes 17 and bond pads 18 to reduce the para 
sitic capacitances associated With the substrate 11. A blanket 
dry etch using reactive ion etching of the top side of the 
structure is performed to remove any oxide that may have 
been groWn on the nitride isolation layer 21. 

As is shoWn in FIG. 9, an anchor hole 26 is etched through 
the nitride isolation layer 21 to expose the underlying silicon 
substrate 1 1. In this same step, the nitride under the bond pads 
16 may also be patterned to expose the underlying silicon 
substrate 11 if electrical connection of the proof mass 13 to 
the substrate 11 through the electrically-conductive suspen 
sion arms 15 is desired. 

As is shoWn in FIG. 10, a loW-resistivity polysilicon layer 
27 is deposited Which coats the top and bottom sides of the 
structure and ?lls the anchor hole 26, forming the electrically 
conductive anchor 14. Referring to FIG. 11, the polysilicon 
layer 27 on the front side of the structure is patterned to de?ne 
the suspension arms 15, sense and actuation electrodes 17, 
and bond pads 16, 18, and the back side polysilicon layer 27 
is removed. Although not shoWn, in this step, the edges of the 
bond pads 18 and electrical interconnects betWeen electrodes 
17 and bond pads 18 are patterned beyond the edges of those 
cavities 23 that may have been incorporated under them to 
reduce the parasitic capacitances associated With the sub 
strate 11. As a result, along the entire periphery of those 
cavities 23, the polysilicon layer 27 directly contacts the 
nitride electrical isolation layer 21, sealing the oxide sacri? 
cial layer 25 inside those cavities 23 from being etched When 
the proof mass 13 is subsequently released. Because the sac 
ri?cial oxide layer 25 is thicker than the nitride isolation layer 
21 and also has a loWer permittivity, the substrate parasitic 
capacitances associated With bond pads 18 and electrical 
interconnects betWeen electrodes 17 and bond pads 18 are 
substantially reduced by this technique Without adding fabri 
cation process steps to accomplish the same. As knoWn by 
those skilled in the art, reducing these substrate parasitic 
capacitances enhances sensor performance. 
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6 
As is shoWn in FIG. 12, the sacri?cial oxide layer 25 on the 

back side of the structure is patterned using a mask layer 28 to 
de?ne the thin etched cavities 12 for forming the proof mass 
13 and provide “auto-dicing” lines. The latter removes risk of 
damage to the micromechanical structures during traditional 
dicing using a saW as Well as eliminating this cost. 

As is shoWn in FIG. 13, a deep reactive ion etch is per 
formed to etch through the back side of the silicon substrate 
11 to expose the sacri?cial oxide layer 25 disposed beneath 
the polysilicon layer 27 on the front side of the structure. The 
deep reactive ion etch de?nes the outer edge of proof mass 13. 

As is shoWn in FIG. 14, the proof mass 13 is released from 
the surrounding silicon substrate 11 and polysilicon layer 27 
(suspension beams 15 and sense and actuation electrodes 17) 
by dissolving the sacri?cial oxide layer 25. This ?naliZes 
fabrication of the accelerometer 10. 

After fabrication, the accelerometer 10 is typically 
mounted on a packaging substrate. In order to not obstruct the 
movement of the proof mass 13 by the mating surface of the 
packaging substrate, a provision is made to recess the proof 
mass 13 slightly (e.g., 2 pm) from the mating surface of the 
packaging substrate. Thus, the packaging substrate Will have 
a cavity in it to alloW separation of the proof mass 13. If this 
cavity is not provided in the packaging substrate, then an 
additional pattern/etch step on the back side of the substrate 
11 is needed, Which may be performed betWeen the steps 
shoWn in FIGS. 7 and 8, to create the recess in the substrate 11 
on the bottom side Where the proof mass 13 Will reside. In this 
case, the proof mass 13 is recessed from the bottom surface of 
substrate 11 surrounding it. Regardless, the packaging sub 
strate may also incorporate sensing and actuation electrodes 
under the proof mass 13, Within the cavity, for detection and 
actuation of the proof mass 13 movement. 

It should be clear to those skilled in the art that the steps 
shoWn and described With reference to FIGS. 12 and 13 may 
be used to also pattern the substrate 11 into physically (and 
therefore electrically) separate regions anchoring suspension 
beams 15/bond pads 16, supporting sense and actuation elec 
trodes 17/bond pads 18 and also implementing vertical sense 
and actuation electrodes from columnar features etched into 
the substrate 11 and separated from the proof mass 13 by thin 
etched cavities 12. 

The three-axis microelectromechanical systems (MEMS) 
accelerometer 10 disclosed above has a number of features 
that distinguish it from the prior art. The disclosed embodi 
ment eliminates the need for Wafer bonding in realiZing the 
proof mass 13, suspension arms 15, sense/actuation elec 
trodes 17 and anchor 14. This leads to process simpli?cation 
and chip siZe reduction (importantly, including chip thick 
ness). 
The anchor 14, suspension arms 15, sense/actuation elec 

trodes 17 and bond pads 16, 18 are made simultaneously from 
the same electrically-conductive (i.e., loW-resistivity poly 
silicon) material, Which also provides the necessary electrical 
contact and interconnect provisions for the sensor. Within the 
real estate required for the proof mass 13 siZe, the suspension 
arms 15, sense/actuation electrodes 17 and anchor 14 are 
implemented, eliminating real estate overhead for the same. 

The single-substrate design alloWs for accurate feature 
alignment, eliminating the related sensitivity imbalances of 
the proof mass 13 and suspension arms 15 otherWise resulting 
from such alignment inaccuracies, for example in substrate 
bonding approaches. The overall design based on a single 
substrate 11 is more compatible With integrated circuit fabri 
cation processing and therefore less costly in manufacturing. 
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It also lends itself to integration of the sensor With the neces 
sary interface electronics 19 on the same substrate 11, When 
doing so is desired. 

The thickness of the suspension arms 15 is determined by 
?lm deposition, Which can be controlled accurately in manu 
facturing, minimizing variations of compliance of the suspen 
sion arms 15 (and therefore sensor mechanical element sen 
sitivity). The surface micromachining enabled embodiment 
alloWs anchor 14 to be very small, approximating a pivot 
point in order to enhance the sensitivity of the mechanical 
structure to acceleration, reducing the required sensor siZe. 
Once a?ixed to a package substrate from the bottom side of 
sensor substrate 11, movement of the proof mass 13 is con 
strained on all its sides, enabling good mechanical stop 
against undesirable shock. 
Deep reactive ion etching enables separating the proof 

mass 13 from the substrate 11 With thin etched cavities 12 that 
are utiliZed for shock protection and also enable real estate 
e?iciency. The local oxidation of silicon technique, to create 
the sacri?cial oxide layer and a generally planar surface, 
eliminates surface topography to alloW for high quality pat 
tern de?nition of the suspension arms 15 and sense/actuation 
electrodes 17, i.e., elements Whose geometry is critical to the 
device performance. It also eliminates steps Where these ele 
ments are anchored to the proof mass 13 and substrate 11 (as 
applicable). It is knoWn in the art that these steps are Weak 
mechanical points of premature failure, but are often inherent 
to the design and fabrication processes that have been 
employed. 

Thus, three-axis accelerometers and fabrication methods 
relating thereto have been disclosed. It is to be understood that 
the above-described embodiments are merely illustrative of 
some of the many speci?c embodiments that represent appli 
cations of the principles discussed above. Clearly, numerous 
and other arrangements can be readily devised by those 
skilled in the art Without departing from the scope of the 
invention. 

What is claimed is: 
1. Apparatus, comprising: 
a substrate; 
a proof mass comprising a portion of the substrate and that 

is separated from the substrate surrounding the proof 
mass by a gap; and 

a structural layer anchored to the proof mass and to the 
substrate that comprises a mechanical suspension and a 
plurality of sense and actuation electrodes separated 
from the proof mass by gaps. 

2. The apparatus recited in claim 1 Wherein the structural 
layer comprises: 

at least one electrically-conductive anchor coupled to the 
proofmass; and 

at least one electrically-conductive suspension arm that is 
separated from the proof mass, and that extends from the 
anchor and is connected to the substrate. 

3. The apparatus recited in claim 2 Wherein the electrically 
conductive anchor is coupled to the proof mass at a top center 
of the proof mass. 

4. The apparatus recited in claim 2 further comprising at 
least one bond pad respectively coupled to the at least one 
electrically-conductive suspension arm. 
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5. The apparatus recited in claim 2 Wherein a plurality of 

transverse suspension arms extend along x and y axes of the 
apparatus, and the proof mass extends from the anchor along 
the Z axis of the apparatus. 

6. The apparatus recited in claim 2 Wherein the anchor and 
at least one suspension arm comprise a semiconductor mate 
rial. 

7. The apparatus recited in claim 2 Wherein the anchor and 
at least one suspension arm comprise metal. 

8. The apparatus recited in claim 2 Wherein the anchor and 
at least one suspension arm comprise doped polysilicon. 

9. The apparatus recited in claim 2 Wherein the anchor, at 
least one suspension arm and sense and actuation electrodes 
comprise doped polysilicon. 

10. The apparatus recited in claim 1 Wherein the substrate 
comprises a semiconductor substrate. 

11. The apparatus recited in claim 1 Wherein the substrate 
comprises a silicon substrate. 

12. The apparatus recited in claim 1 Wherein the substrate 
comprises a semiconductor-on-insulator substrate. 

13. The apparatus recited in claim 1 Wherein the substrate 
comprises a metal in Which deep trenches may be fabricated 
by reactive ion etching. 

14. The apparatus recited in claim 1 Wherein the sense and 
actuation electrodes are coupled to bond pads. 

15. The apparatus recited in claim 14 Wherein the sense and 
actuation electrodes and bond pads comprise an electrically 
conductive material. 

16. The apparatus recited in claim 14 Wherein the sense and 
actuation electrodes and bond pads comprise doped polysili 
con. 

17. The apparatus recited in claim 1 Wherein the sense and 
actuation electrodes comprise at least one capacitive sensing 
electrode and at least one electrostatic actuation electrode, 
respectively. 

18. The apparatus recited in claim 1 Wherein the sense 
electrodes are coupled to processing circuitry that is operative 
to process electrical signals sensed by the sense electrodes in 
response to movement of the proof mass, and Wherein pro 
cessing of the signals derived from the sense electrodes 
alloWs determination of the acceleration components along 
the respective axes of the apparatus. 

19. The apparatus recited in claim 1 Wherein the actuation 
electrodes are coupled to processing circuitry that is operative 
to process electrical signals that induce controlled move 
ments of the proof mass. 

20. The apparatus recited in claim 1 Wherein the actuation 
electrodes are coupled to processing circuitry that is operative 
to process electrical signals that induce controlled move 
ments of the proof mass, and Wherein processing of the sig 
nals derived from the sense electrodes alloWs determination 
of the actuation force components along the respective axes 
of the apparatus. 

21. The apparatus recited in claim 1 Wherein the substrate 
is attached to a packaging substrate, and Wherein the proof 
mass is recessed from the packaging substrate. 

22. The apparatus recited in claim 21 Wherein the packag 
ing substrate comprises sensing and actuation electrodes dis 
posed under the proof mass. 

23. The apparatus recited in claim 21 Wherein the sensing 
and actuation electrodes are separated from the proof mass by 
gaps. 
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